We present simulations for interferometer in the Earth orbit and on the lunar surface to guide the design and optimization of space-based Ultra-Long Wavelength missions, such as those of China's Chang'E Program. We choose parameters and present simulations using simulated data to identify inter-dependencies and constraints on science and engineering parameters. A regolith model is created for the lunar surface array simulation, the results show that the lunar regolith will have an undesirable effect on the observation. We estimate data transmission requirement, calculate sensitivities for both cases, and discuss the trade-off between brightness temperature sensitivity and angular resolution for the Earth orbit array case.
INTRODUCTION
The Ultra-Long Wavelength (ULW) spectrum window in astrophysics is generally defined as the radio band at wavelengths longer than 10 m. In this paper, we emphasize wavelengths between 10 m and 10 km (0.03∼30 MHz). The ULW is a potentially significant frequency range for radio astronomy but currently has not been well explored (Jester & Falcke 2009 ). Because of observational constraints from the ionosphere of the Earth, man-made and natural radio frequency interferences (RFIs), astronomical observations in this frequency range are more readily conducted from the space. Antennas deployed in the Earth orbit or on the lunar surface (Jester & Falcke 2009 ) are able to receive signals well below 10 MHz, being mainly limited by the interplanetary plasma cutoff frequency of 20∼30 kHz. Compared with ground-based observations, space interferometer allows for baselines many times longer than the diameter of the Earth, making much higher angular resolutions achievable even at ULW bands.
For astronomical space interferometry observations, requirements on array configuration and observation time windows vary greatly, depending on the properties of the celestial objects and the nature of the astronomical phenomena to be observed. Observations of compact sources require high angular resolution, therefore long baselines are necessary, while studies of faint extended sources requires high surface brightness sensitivity, which demands high array filling factors and therefore shorter baselines are essential. A full-sky survey mission would also impose different requirements compared with a time-domain event monitor.
Science requirements, engineering constraints and environmental obstacles must all be evaluated quantitatively in a trade-off study. Given the highly different, and sometimes contradictory, requirements of astronomical space interferometry missions, the mission outcome needs to be evaluated quantitatively against a set of science and engineering requirements and environmental constraints so that trade-offs appropriate to a space ULW mission can be made. Engineering factors to be considered include the accuracy of baseline determination, time synchronization, onboard processing and data transmission capabilities, and, for a lunar surface mission, power supply and antenna deployment. Environmental effects include the effects of space plasma and radio interference. Interplanetary, interstellar, and lunar plasma degrade observation results through angular broadening, time-delay, and Faraday rotation effects. ULW terrestrial natural and man-made radio interference that escapes from the Earth's ionosphere are among the main obstacles to overcome for ULW observations conducted near the Earth (Woan 2000) .
This paper aims to establish a framework for the trade-off study. Specifically, we simulate observations made by an antenna array for two cases: an array deployed in the Earth orbit, and an array deployed on the lunar surface. We first select the orbital parameters for the Earth orbit case and antenna positions for the lunar surface case and then obtain the (u, v)-coverage for each, then we simulate the signal that the antennas receive and use these to create images. The quality of the synthesized beam is used to evaluate the image quality. We add the number of antennas, orbit, regolith properties, integration time, duty cycle, bandwidth, and observing frequency into the simulation and observe how the results of the simulated observations are affected by these factors. As a first iteration of a trade-off study between scientific requirements and engineering constraints, in this paper we set the requirements for a hypothetical space ULW mission to the values given in Table 1 . In Section 2 and 3, we present simulations of an antenna array in the Earth orbit and on the lunar surface, respectively, and estimate data transmission requirements for both cases; in Section 4, we discuss sensitivities; finally, in Section 5, we give a summary.
SIMULATION FOR AN ARRAY IN THE EARTH ORBIT

Simulation Parameters
Compared with ground-based antenna arrays, in the Earth orbit an array experiences real-time 3D movements, and the (u, v)-coverage may be significantly different and vary greatly when the synthesized beam is pointing to different directions. In addition, during observations, one or more antennas may be at the backside of the Earth, where the signal from some directions is blocked. In general, a strategy to maximize the number of available antennas at certain observation periods is needed to improve the (u, v)-coverage, and therefore the image quality. Below, we examine a relatively simple case in which the source is never eclipsed by the Earth. The simulation parameters are listed in Table 2 . All three antennas are sent into the 500 km orbit first by one launch. Antenna 2 needs an orbital maneuver and antenna 3 needs two steps of orbital maneuvers to reach the expected orbits. 
Simulation Results
Figures 1, 2 and 3 show the (u, v)-coverages and cross-sectional views of the synthesized beams for integration times of 1 h, 6 h and 24 h, respectively. As shown in the right hand panels of these figures, the beam directivity improves with longer integrations. The diffraction-limited theoretical resolution and the beam directivity measure (DM), defined as the maximum value of the main beam divided by Table 3 for different observation periods. Observation quality for sources at other directions can be simulated using the same method, with the effect of the Earth eclipses considered if necessary. 
Data Transmission Requirements
We assume that the ULW signal received by the antenna is sampled without down-conversion, and all the signals are transmitted to the ground for processing. The data volume is the product of the bits per sample, sampling frequency, integration time, and number of polarizations. For an observing frequency of 10 M Hz, the sampling frequency must be at least 20 M Hz for lossless recovery, according to the Nyquist sampling theorem. We also assume that each sample occupies 1 bit of storage per polarization and that there are two polarizations per antenna, in which case each antenna will achieve a data rate of 10 M Hz × 2 × (1 / 8) byte per sample × 2 polarizations = 40 M bps, not including housekeeping and auxiliary data. We adopt the parameters of a recent study by CNES (Peragin et al. 2012 ) to evaluate constraints on downlink requirements in X-band. This study shows that a volume of 39.9 Gb data can be downloaded in X band with a 5 m station, considering a 95 min orbit with 8 min pass window on average and 3 passes per day. An observation duty cycle is applied to reduce the data volume because the downlink speed is not fast enough if data are taken all the time. As shown in Table 4 , if the observation duty cycle is set to 1 second per 90 seconds, the bandwidth requirement is ∼ 27 M bps per antenna station, which is acceptable.
Discussion
In our simulations, we assume that the antennas are nearly collocated when the observation starts. This is not generally true. The (u, v)-coverage for an arbitrary initial configuration or an arbitrary period of time, and the statistical properties thereof, can be studied based on the method given in this section. In the design of some space VLBI missions, the antennas are always parallel to the surface of the Earth. With multiple antennas in different orbit positions this design will result in unparalleled beams, which in general will reduce sensitivity and (u, v)-coverage. For our simulations above, however, this issue does not exist because the orbit plane is on the equator and the antennas always point to the celestial poles that is the phase center. In a simulation of a general case the issue with unparalleled antennas should be considered.
If one needs to make high time resolution observations, such as of solar radio bursts, the (u, v)-coverage of each snapshot may be very poor, especially when using a small number of antennas. For such cases, further investigation is required to develop mission configurations and data reduction techniques.
SIMULATION FOR AN ARRAY ON THE LUNAR SURFACE
Lunar Regolith Modeling
The relative permittivity of the lunar regolith is approximately 6 (Woan 1996) . For a dipole lying on the lunar surface, the response to the signal transmitted from below the lunar surface will be 4.5 times that for a signal from above (Woan 1996) .
Fig. 4 Simplified signal transmission path model for the lunar regolith
The depth of the lunar regolith is about 10 m (Lindsay 1976) . If the observing frequency is 20 M Hz, the signal transmission distance in the regolith is about 2 times the wavelength, with a travel time of about 100 ns. The signal an antenna receives is the sum of the signals from the sky and from beneath the lunar surface. For the same source, the two signal components are emitted at different times due to reflection of the signal in the lunar regolith. Greater incidence angles result in a longer optical path in the regolith. The regolith will affect the coherence of signals and therefore the imaging quality in complex ways. In the following, we quantitatively show the effect with a simplified model to explain how the lunar regolith affects such observations. Figure 4 shows a simplified model of the lunar regolith. Below the regolith is bedrock, which serves as a reflector. This model ignores the complex structure of the lunar regolith and bedrock; it assumes that the depth of the regolith is constant, the regolith is uniform and isotropic, and the boundary between regolith and bedrock is flat. a Defined as the ratio of the signal magnitude from beneath the lunar surface to that from above, without considering antenna gain. Table 5 shows the parameters we used in the lunar surface simulation, considering there are only two antennas, one on the lander and one on the rover. Both of them are on the near side of the moon. Figure 6 , one can see that the beam DM is smaller when the effect of the lunar regolith is taken into account (Table 6 ). We conclude that the lunar regolith will have an undesirable effect on imaging, which confirms the above discussion. 
Simulation Results
Data Transmission Requirements
Compared with the Earth orbit antenna array, the data transmission bandwidth for a lunar array is much more limited, approximately 2.5 M bps in the case of the Chang'E-1 mission. We assume the antennas are located on the near side of the moon and are visible from the ground station 8 hours a day on average. Further assume that each antenna has a dedicated downlink channel of 2.5 M bps capacity, downlinking data 8 hours per day, for an observing frequency of 10 M Hz, 1-bit sampling and 2 polarizations, a duty cycle of 1 s per 48 s is needed to meet the data transmission bandwidth requirement. According to long-term plan of the Chang'E Program, we assume the lander and the rover to be on the near side of the moon. If they are on the far side of the moon, a relay satellite orbiting around the moon is needed. The transmission capability of the relay satellite is assumed to be the same as the lander and the rover, so the calculations are still applicable.
ARRAY SENSITIVITY
We assume basic observational parameters to derive the flux sensitivity and brightness temperature sensitivity of the antenna arrays. When the antenna beam is much larger than the angular size of the source, one is concerned with the flux sensitivity; when the beam is comparable to or smaller than the source, one is concerned with brightness temperature sensitivity.
The flux sensitivity can be defined as
where T sys is the antenna system temperature, n is the number of antennas, ∆ν is the bandwidth or channel width, τ is the integration time, n p is the number of polarizations, A e is the effective collecting area of one dipole, which is defined as 3λ 2 /8π (Woan 1996) , and k is the Boltzmann constant (1380 Jy K −1 m 2 ). The brightness temperature sensitivity is defined as
where D is the maximum baseline of the interferometer array. Tables 7 and 8 show the two types of sensitivity for different observation parameters (bandwidth, observation wavelength, and antenna number, assuming n p = 2, τ =86 400 s. A reduction of 36% of the sensitivity caused by 1-bit sampling has been taken into account (Thompson et al. 2001) . For ULW observations, T sys is dominated by the Galactic background radio emission, at frequencies above 2 M Hz, it can be approximated by a power law (Jester & Falcke 2009 ):
at frequencies below 2 M Hz, we use the value predicted by the RAE-2 spacecraft, 2 × 10 7 K at 1 M Hz (Novaco & Brown 1978) .
We can then choose array parameters that meet the requirements to observe specific radio sources at a certain level of flux density based on these results. For example, the average flux density of 3C 273 is about 10 2 Jy at 30 M Hz, according to the flux densities of active radio sources in the 10 kHz ∼ 100 M Hz range from the ESA (1997) design study, adapted from Zarka et al. (1997) .
For thermal sources, for example regions of ionized gas surrounding massive stars, the maximum brightness temperature is approximately 2 × 10 4 K. Optically-thick thermal bremsstrahlung emission dominating the quiet Sun produces brightness temperatures of order 10 6 K (White 2007). For nonthermal sources, the brightness temperature of the Galactic radio background radiation from the polar regions is 2.3 × 10 7 K at 1 M Hz (Cane 1979), and can be as high as 10 12 K for synchrotron radiation sources (Wilson et al. 2009 ).
We also note that temperature sensitivity must be high enough to achieve sufficient SNR (Signal to Noise Ratio) :
where f = nA e /D 2 is the filling factor of the interferometer. An observation with three antennas, 90 days observation period, 1 s per 90 s duty cycle and 1 M Hz bandwidth will achieve SNR of 20.
The maximum baseline is the key factor when considering trade-offs between sensitivity and angular resolution. Taking a low Earth orbit array as an example, an observation with 10 antennas, 10 M Hz observing frequency, 10 M Hz bandwidth, 90 days observation period, 1 s per 90 s ducy cycle and 14 000 km maximum baseline, will achieve a temperature sensitivity of 4 × 10 10 K. In such case, the angular resolution is about 0.5 ′′ , far from being able o resolve the synchrotron self-absorbed sources with 10 12 K. Because noise in brightness temperature (σ t ) is proportional to D −2 and angular resolution is proportional to D −1 , reducing maximum baseline will allow various kind of sources to be observable with sufficient temperature sensitivity and angular resolution, such as the Galactic radio background radiation at arcminute resolution and solar bursts. There are multiple methods to limit maximum baseline for an Earth orbit array, either by choosing observing windows so that data for extended sources are only taken when the antennas are close to each other, or by formation flight.
SUMMARY
We demonstrate a simulation framework for ULW space arrays in the Earth orbit and on the lunar surface to help the overall system design of future ULW missions. We present simulations, estimate the data transmission requirements and calculate sensitivities for both cases. For the lunar surface array case, we create a simplified regolith model, the results show that the regolith would have an undesirable effect on the observation. For the Earth orbit array case, we discuss the relation of the maximum array baseline to the angular resolution and the brightness temperature sensitivity to show the trade-off between brightness temperature sensitivity and angular resolution.
